Incorporating the bond order-length-strength (BOLS) notion with the Ising premise, we have modeled the size dependence of the Neel transition temperature (T N ) of antiferromagnetic nanomaterials. Reproduction of the size trends reveals that surface atomic undercoordination induces bond contraction, and interfacial heterocoordination induces bond nature alteration. Both surface and interface of nanomaterials modulate the T N by adjusting the atomic cohesive energy. The T N is related to the atomic cohesive/exchange energy that is lowered by the coordination number (CN) imperfection of the undercoordinated atoms near the surface and altered by the changed bond nature of epitaxial interface. A numerical match between predictions and measurements reveals that the T N of antiferromagnetic nanomaterials declines with reduced size and increases with both the strengthening of heterogeneous bond and the increase of the bond number. C 
I. INTRODUCTION
Broad research efforts have been made to study low-dimensional antiferromagnetic (AFM) materials, not only because of their fascinating physicochemical properties but also fundamental studies and potential device applications. [1] [2] [3] Antiferromagnetic materials play an important role in exchange bias to pin magnetic direction of ferromagnetic (FM) layer. Also, exchange bias have been used for giant magneto resistance, [4] [5] [6] tunneling magnetoresistance 7 and magnetic random access memory (MRAM). 8 In recent years, because of the multiple information storage and device integration density, the relevant preparation and etching technologies have been improved. 'However, when the material miniaturization down to the nanometer scale or smaller, the original physical effect will change and there will be a new physical phenomenon', 9 such as the catalytic ability, electronic, optic, magnetic, thermal mechanical, and mechanical properties. Thus, it is necessary to investigate the effect of the dimension reduction on the exchange bias effect.
Neel temperature (T N ) is the temperature above which an antiferromagentic material will transit to paramagnetic. For nanomaterials, T N shows obvious size dependency, which is related to the surface and interfacial interaction. Numerous models have been proposed to illustrate the relationship between T N and nanomaterials' size. The spin-spin correlation length (SSCL) limitation mechanism of Fisher and his co-workers 10 indicates that the T N will be lower than the bulk value T N (∞) when the size (K) is smaller than the critical K C , where K is the number of the layer between center atom and surface, and otherwise, T N (K) will be identical with T N (∞). [11] [12] [13] [14] [15] [16] [17] Fullerton et al used an empirical formula to describe T N (K) function of Ho 18 and Cr thin films. 19, 20 More recently, Jiang et al adapted their model of melting point suppression to the T C (or T N ) of the nanomaterials. 21, 22 They also consider that the value of ∆T N (K)/T N (∞) is equal to ∆T C (K)/T C (∞). 21 In the meantime, they have introduced and discussed the exchange interaction between magnetic interfaces. 21, 22 All the models developed insofar have contributed significantly to the understanding of T N change from various perspectives. But these theories 10, 19, 20 contain some adjustable free parameters without physical meaning, which would mislead understanding of the related physical nature and the underlying mechanism of T N (K). What's more, the mechanism of the performance differences of heterojunction with different bases has not been very good explained.
In this study, we establish an analytical method to shed light on the relationship between T N change and the interface effect in epitaxial layers from the perspective of BOLS consideration. The theoretical predictions are well consistent with the available evidences, which provide an atomistic understanding on underlying mechanism of interface effect on epitaxial nanostructures.
II. MODEL AND METHOD

A. Ising Model
According to the Ising model, the transition temperature T C (or T N ) for a magnetic nanosolid is determined by the spin-spin exchange interaction, E exc,i . 23 And Sun consider that E exc,i is identical to the atomic cohesive energy, E coh,i , the sums of bond energy over all the possible coordinates. 9 So we can obtain the following formula for a single atom,
where S i and S j are the total spin or the angular momentum of atoms at the specific site i and its surrounding sites j. The particle size induced momentum change can be negligible unless charge transportation or polarization happens in the chemical reaction. 24 J 0 is the exchange strength that is proportional to the inverse atomic distance. When J 0 > 0, S i and S j are parallel and the angle between them is 0
• , so crystal materials show ferromagnetism. When J 0 < 0, S i and S j are still parallel but the angle between S i and S j is 180
• , and crystal materials show antiferromagnetism. d i is distance between i atom and its nearest neighbor atoms. The coordination number (CN) of i atom is z i . The index m is the bond nature indicator that should not change for a given material.
It is not hard to understand that if one needs to disorder the spin-spin interaction by heating, sufficient energy is required to lose all the bonds of the atom and promote the atomic vibration. The total energy, or the exchange interaction, of a specific atom with z i coordinates, at T, is the sum of all bond energy and the thermal vibration energy E V (T). On the other hand, at the Curie (or Neel) temperature, the thermal vibration energy required for disordering the exchange interaction is a portion of the atomic cohesive energy (T = 0 K). This premise, as shown in equation (2), applies for any phase transition including melting and evaporating of an atom in a solid.
Based on the mean field approximation and Einstein's relation, 23 ,25 E V (T) = k B T.
B. BOLS Correlation
According to the BOLS correlation, 9 the CN deficiency of an atom at sites of surface or surrounding a point defect causes the remaining bonds of the lower-coordinated atoms contract spontaneously with an association of bond energy gain. Hence, the atomic cohesive energy, E coh,i of the low-coordinated atom will change, which determines the thermodynamic properties such as self-assembly growth, diffusion, chemical reactivity, melting, and phase transition. The energy density rise per volume in the relaxed region will contribute to the Hamiltonian that modifies the entire band structure, and the mechanical strength of a nanosolid. The BOLS correlation and its effect on the cohesive energy per bond and per atom are given as,
where d 0 and d i are the diameters of an atom with z neighbors in the extended solid and an atom with z i coordinates at the i th atomic layer, respectively. The index i counts from the outermost atomic layer inward up to the third layer, z ib = z i /z b , E i and E b are the cohesive energy per bond of an atom with and without CN imperfection. E coh,i = z i E i and E coh,b = z b E b are the corresponding atomic cohesive energies. For a flat or slightly curved surface, z 1 = 4, z 2 = 6, z 3 = 8, and z b = 12 as a standard; and z 1 = 4(1 − 0.75/K) for a spherical nanosolid, where K is the number of atoms along the radius of the nanosolid.
C. Shell Structure
According to the core-shell structure of nanomaterials, the size dependence of any detectable quantity Q with atomic-scale density q can be derived as,
where Q(∞) = N q 0 is the known bulk quantity, and Q(K) = N q 0 +  (q i − q 0 ) is the value of nanomaterial with K size. The numbers of atoms of the entire solid and in the i th atomic layer are N and
is the surface-to-volume ratio with τ being the dimensionality of a spherical dot (τ = 3), a rod (τ = 2), and a thin film (τ = 1).
Letting Q being the cohesive energy E coh , and considering the BOLS correlation in the surface region of a nanosphere with radius, the total cohesive energy of the entire nanosolid can be expressed in a shell structure,
The term N z b E b is the cohesive energy of the system without involving the effect of the CN imperfection. N and N i are the atom numbers of the entire nanosphere and the i th atomic layer, respectively. The relative change of the cohesive energy of a nanosolid, or the mean value change of a single atom, follows,
Eq. (5) indicates that the relative change of the cohesive energy originates from the difference in the E coh between a surface atom and a bulk atom, z ib c
The trend of the change depends on the portion of the surface atoms, c i , in the first three atomic layers with appreciable CN imperfection.
D. Surface effect
The thermodynamic and magnetic properties of free-standing nanomaterials will change with the varied volume to surface ratio according to the shell structure. 26 Substituting Eq. (6) for the
in Eq. (5) and considering the BOLS correlation in the surface region, we have a universal form for the T N suppression for nanosolids,
where ∆T N,S (K) = T N,S (K)-T N (∞), and T N,S (K) is the T N of nanosolids with surface and without interface. For the short spin-spin interaction, it is sufficient to sum over the outermost three atomic layers.
E. Interface effect
When FM or AFM epitaxial layer is deposited on a substrate, the effect of the interface must be considered since the combination of chemical bonds at interface differs from that in the corresponding bulk. For example, the properties of one kind of material deposited on different substrates are significantly different. Based on the Ising model, the simplest case is that only the surface and interface coupling constants, J S and J I , differ from the rest, 27 where the subscript I and S denote interface and surface, respectively. For the sake of simplicity, the effect induced by the exchange interface thickness is neglected. J I = 1/2(J S + J Sub ) is assumed as the first approximation, where the subscript Sub denotes the substrate.
Based on general surface model of BOLS, 9 we consider that the interface is made up of three atomic layers. According to the different circumstance of the coordinated atoms in the interface, we divide interfacial atomic bond into three categories: broken bond, homogeneous atomic bond, and heterogeneous atomic bond. There are few broken bonds in the ideal epitaxial interface. So we can ignore the impact of broken bonds on properties of the nanomaterials. Therefore, the equation about exchange energy can be written as following when considering the effect of interface,
where N I, i is the number of atoms in the i th atomic layer of the interface. z aa,i and z bb,i are the homogeneous atomic CN of the i th atomic layer. z ab,i is the heterogeneous atomic CN of the i th atomic layer. At the same time, z aa, I = z bb,i and z aa,i + z ab, I = 12. The exchange strength of homogeneous bonds of the i th atomic layer, J a,i and J b,i , is proportional to the bond strength and associated with bond length, which is affected by heterogeneous atoms. θ ab is the angle between the magnetic moment of the electron spin of a and b. S a and S b are the total spin or the angular momentum of a and b atoms. For the sake of simplicity, we consider J I,i is equal to (J a J b ) 1/2 , where J a and J b are exchange strength of a and b bulk atom. The term N z 0 J 0 S a 2 is the exchange energy of the system without involving the effect of CN imperfection. The relative change of the exchange energy of a nanosolid, or the mean value change of a single atom, follows,
Considering both surface and interface effects on T N (K), Eq. (5) can be rewritten as, 
III. RESULTS AND DISCUSSION
A. Surface effect
Based on the aforementioned Eq. (6), we calculated the theoretical curves about the size dependent T N (K) of Ho, 18 CuO, 28 GdO 17 and Co 3 O 4 29-31 and compared the theoretical results with the measured data as shown in Figure 1 . The empirical value of m can be optimized approximately to be 1 for most metals, and 4 for both alloys and compounds by fitting the bond-length and bond-strength correlation based on the experimental measurements. The parameters used in calculation are listed in Table I . There are dots and squares in two groups of the data of Ho in Figure 1(a) , which are the results of two processing methods. The BOLS derived and the measured ∆T N (K)/T N (∞) for CuO, and Co 3 O 4 nanoparticles are compared in Figure 1(b) .
It is shown clearly that the T N (K) declines with the decrease of K. The trend of the change depends on the portion of the atoms in the surface where the bonds are different from the corresponding bulk. The experimental data distribute uniformly on both sides of the theoretical curve, and only a small amount of points deviate slightly from the curve. The shift may be due to the errorless of experimental conditions such as shape, size, and the interaction between alloys and the matrix materials. Good consistence between theoretical curve and experimental data indicates that the size-induced change of the alloying and compounding NPs follow the same rule -skin atom exchange energy loss. Theoretical reproduction of the T N (K) confirms the importance of the pure surface skin for low-dimensional systems. 
B. Interface effect
As we know, the thermodynamic and magnetic properties of free-standing nanomaterials change with their size and surface shape. 9 However, for thin AFM epitaxial films grown on nomagnetic and magnetic substrates with small lattice misfit, there exists exchange coupling at the interface between AFM and magnetic substrates. So the change of T N (K) should be attributed to the combined effects of both the free surface and interface of the films.
The property of interface is dominated by the coordination and spin exchange interaction of two kinds of atoms at the interface and the strain caused by interface mismatch (the change of the bonds at the interface). The spin exchange interaction at the interface between AFM and nomagnetic substrates is assumed to be absent. So there are three conditions on the coordination of AFM/nomagnetic epitaxial interface. That is the compression strain caused by interface mismatch may be (a) equal to, (b) bigger than, and (c) smaller than surface contraction or there is tension strain caused by mismatch in the interface. According to the BOLS theory, bond will become stronger when it is shorter than bulk. 9 So there are three kinds of conditions on ∆T N (K)/T N (∞) functions for AFM/nomagnetic epitaxial interface when being compared with free-standing thin films with two free surfaces. As shown in Figure 2 , the interface between the thin film and the substrate (a) has no effect on the curve; (b) makes the curve shift up and the T N increases; (c) makes the curve shift down and the T N decreases.
However, for AFM/FM or AFM/AFM heterogeneous structures, the exchange coupling at the interface between AFM and M substrate is significant for the property of the material except the strain caused by interface mismatch. The ∆T N (K)/T N (∞) functions of AFM films demonstrate drastic variations with dropping K due to the combination of the spin exchange interaction of heterogeneous bond and the strain caused by interface mismatch. Figure 2 substrate could be regarded as the surface of CoO. Above all, the present theory has accurately predicted all the trends in Figure 2 . For further verifying the theory modal, the ∆T N (K)/T N (∞) functions' prediction about NiO/ MgO 12, 32 and NiO/CoO 32 films and the corresponding experimental data are displayed in Figure 3 . Consistency between the theoretical predictions and experimental results further demonstrates that the theory model is credible. Of course, there also show some data deviating slightly from the theoretical curves. Such deviation may arise from errorless of experimental conditions such as the determination of the super-lattice between alloys and the matrix materials, point defects, shape, and size. In a word, theory of the T N proves the importance of the surface and interface for low-dimensional systems.
IV. CONCLUSIONS
We analyze, discuss, calculate, and contribute the theory model from the integrated action of single bond, coordination number, and mismatch, based on the framework of BOLS and LBA with focus on the combination of surface and interface. And we have been able to predict the size dependence of the T N of AFM materials.
It is found that the size-induced ∆T N (K)/T N (∞) for the pure metal and metallic oxide follow the same rule based on surface and interface effect. Consistency between the theory predictions and the measured data about size dependence of the ∆T N (K)/T N (∞) clarify that, (i) The T N (K) is intrinsically proportional to the mean exchange energy of atoms;
(ii) The change in exchange energy is due to atom under-coordination and mix-match depresses the T N because of the point defects, surface skins, and nanocrystals; (iii) Exchange energy is identical to the atomic cohesive energy, inversely proportional to d m i , and proportional to the energy of heterogeneous atomic bond;
(iv) The size induced trend is determined by the ratio of both the skin-to-body volume and the interface-to-body volume.
Consistency between the theory predictions and experimental data not only verified the theoretical expectations and numerical approaches but also provide straight forward insight into the mechanism behind the thermal stability of nanostructures. What's more, it provides us a new way and can guide us through the choice of different substrate to improve the interface for designing the devices we need.
